Key Words glutathione, hydrogen peroxide, NAD(P)H dehydrogenases, superoxide, superoxide dismutase s Abstract The production of reactive oxygen species (ROS), such as O 2 − and H 2 O 2 , is an unavoidable consequence of aerobic metabolism. In plant cells the mitochondrial electron transport chain (ETC) is a major site of ROS production. In addition to complexes I-IV, the plant mitochondrial ETC contains a non-proton-pumping alternative oxidase as well as two rotenone-insensitive, non-proton-pumping NAD(P)H dehydrogenases on each side of the inner membrane: NDex on the outer surface and NDin on the inner surface. Because of their dependence on Ca 2+ , the two NDex may be active only when the plant cell is stressed. Complex I is the main enzyme oxidizing NADH under normal conditions and is also a major site of ROS production, together with complex III. The alternative oxidase and possibly NDin(NADH) function to limit mitochondrial ROS production by keeping the ETC relatively oxidized. Several enzymes are found in the matrix that, together with small antioxidants such as glutathione, help remove ROS. The antioxidants are kept in a reduced state by matrix NADPH produced by NADP-isocitrate dehydrogenase and non-proton-pumping transhydrogenase activities. When these defenses are overwhelmed, as occurs during both biotic and abiotic stress, the mitochondria are damaged by oxidative stress.
INTRODUCTION
Oxidative stress occurs when there is a serious imbalance in any cell compartment between production of reactive oxygen species (ROS) 1 and antioxidant defense, leading to damage (36) . Oxidative stress is a central factor in abiotic and biotic stress phenomena
The production of ROS, e.g. O 2 − , H 2 O 2 , 1 O 2 , is an unavoidable consequence of aerobic metabolism. In plants ROS are produced in mitochondria (16) , chloroplasts (28) , and nitrogen-fixing nodules (6) as unwanted byproducts. ROS production also occurs in the course of major metabolic pathways, especially those in the peroxisomes, and ROS are used as a weapon against invading pathogens in the oxidative burst. Because ROS can cause damage to proteins, lipids, and DNA, ROS production and removal must be strictly controlled. All cell compartments should therefore have mechanisms for preventing and repairing damage caused by ROS.
In the present review ROS metabolism in plant mitochondria is presented for the first time. Some relevant plant-specific features of the mitochondrial electron transport chain (ETC) are described and the main site(s) of ROS production in the ETC are identified. The matrix turnover of NADPH is reviewed in relation to the role of NADPH-specific enzymes in ROS detoxification. Finally, information to date on ROS production and detoxification in plant mitochondria is reviewed in detail and compared with the situation in mammalian mitochondria.
Components of the ETC in plant mitochondria have been reviewed previously in this series by Møller & Lin (79) , Douce & Neuburger (25) , and Vanlerberghe & McIntosh (140) , and elsewhere (62, 76, 82, 83, 87, 129, 133, 141) . Other reviews have covered various aspects of ROS turnover and oxidative stress in plants (e.g. 28, 29, 92, 125) . The recent book by Halliwell & Gutteridge (36) is an outstanding reference for all aspects of ROS turnover, with an emphasis on biomedicine.
THE NAD(P)H DEHYDROGENASES IN THE ELECTRON TRANSPORT CHAIN OF PLANT MITOCHONDRIA
The ETC of plant mitochondria contains complexes I-IV with electron transport properties similar to those of other mitochondria (111, 128, 129, 141) . In addition, the plant ETC contains five enzymes not present in mammalian mitochondria: an alternative oxidase (AOX; 140) and four NAD(P)H dehydrogenases ( Figure 1 ) (76, 82) . The properties of these NAD(P)H dehydrogenases, which are very likely to be flavoproteins and thus potential sites of ROS synthesis, are described and compared with those of complex I, the H + -pumping NADH dehydrogenase.
Figure 1
The electron transport chain in the inner membrane of plant mitochondria. Plant-specific enzymes are shown in grey. Also indicated are H + -pumping of complexes I, III, and IV (per 2e − ), inhibitors of complexes I, III, and IV, as well as ROS production at the two main sites, complexes I and III. Since UQ • is bound to two sites in complex III, one close to the inner surface of the IMM, the other close to the outer surface (91) , ROS might be formed on either side of the membrane. Abbreviations: CI-CIV, respiratory complexes; CI, complex I, NADH dehydrogenase; CII, succinate dehydrogenase; CIII, ubiquinol-cytochrome bc1 reductase; CIV, cytochrome c oxidase; cyt., cytochrome; succ., succinate; SHAM, salicylhydroxamic acid.
External NAD(P)H Dehydrogenases in Other Organisms
The presence of NAD(P)H dehydrogenases on the outer surface of the inner mitochondrial membrane (NDex) makes it possible for the mitochondrion to oxidize cytosolic NAD(P)H. This ability depends upon the presence in the outer membrane of pores, i.e. voltage-dependent anion channels, that permit passage to all molecules of <5 kDa, at least in isolated mitochondria. The permeability of these pores may be regulated in vivo (138) . Mammalian mitochondria are thought to lack a distinct NDex; however, heart mitochondria have been reported to oxidize external NADH via a rotenonesensitive route (110) . Whether this activity is due to an NDex is still uncertain ( Figure 2 ). Generally, cytosolic NADH can be oxidized by mammalian mitochondria either by a glycerol 3-phosphate dehydrogenase, a flavoprotein passing electrons directly from the substrate to ubiquinone via the flavin in a Ca 2+ -dependent manner (37) , or indirectly by means of a malate-oxaloacetate shuttle (58) .
Mitochondria from Saccharomyces cerevisiae have two external NADH dehydrogenases, NDE1 and NDE2 (61, 131) . The ability of these mitochondria to oxidize NADH is lost in a double mutant, indicating that there are no more than two NDex (61) . S. cerevisiae mitochondria do not appear to be able to oxidize cytosolic NADPH (131) .
Neurospora crassa mitochondria oxidize both NADH and NADPH in a partially Ca 2+ -dependent manner (85) . A gene encoding a 64-kDa mitochondrial NADPH dehydrogenase (NDI1) has been cloned, sequenced, and characterized. The deduced amino acid sequence shows a high degree of similarity with that of NDE1 and NDE2, but the N. crassa enzyme has an insert with an EF-hand motif, indicating that it is Ca 2+ -dependent (71). In a mutant where this gene is inactivated, the mitochondria specifically lose their ability to oxidize NADPH in a Ca 2+ -dependent manner at neutral pH. This enzyme is therefore the first mitochondrial NADPH dehydrogenase to be positively identified (70). In addition, N. crassa mitochondria contain another enzyme able to oxidize both NADH and NADPH (Figure 2 ).
NDex in Plant Mitochondria
Two NDex with Distinct Substrate Specificities With the possible exception of red beetroots (117; but see also 3, 31), all plant mitochondria investigated to date are able to oxidize external NADH and, where tested, NADPH (76, 79) . Several lines of evidence indicate that NADH and NADPH are oxidized by two distinct enzymes in plant mitochondria:
1. Mitochondrial NADH oxidation can be induced without inducing NADPH oxidation in red beetroots (3, 31, 72).
2. The relative activities of NADH and NADPH oxidation vary in mitochondria from different tissues and cell cultures of sugar beet, which cannot be explained by the presence of a single enzyme (156) .
3. NADPH oxidation is much more sensitive to inhibition by diphenyleneiodonium (DPI) than is NADH oxidation (122) . It has been suggested that DPI preferentially inhibits flavoenzymes that function by one-electron transfer (94) . If this is correct, then the two NDex would be expected to have different reaction mechanisms. Given that NDex(NADH) can be released from the inner membrane without the use of detergent (24, 30) , and that the released enzyme can donate electrons directly to a quinone (30) , NDex(NADH) most likely passes electrons directly to UQ. Thus, the interaction between NDex(NADH) and UQ may differ from that between NDex(NADPH) and UQ.
Molecular Properties of NDex
Numerous attempts have been made to purify NDex(NADH), as reviewed previously (76) . In some investigations (e.g. 60), platanetin was used as a diagnostic inhibitor to identify NDex activity. However, platanetin was later shown to inhibit all five NAD(P)H dehydrogenases in plant mitochondria, with KI value of 4-15 µM for the four rotenone-insensitive enzymes (123) , and therefore cannot be used to distinguish the various dehydrogenases. For red beetroot mitochondria, a 58-kDa protein is hypothesized to be the NDex(NADH) that is induced by washing red beetroot slices (72), a conclusion consistent with an earlier report (60) . Rasmusson et al (116) have identified a nuclear gene in potato encoding a 65-kDa protein (NDB) homologous to bacterial and yeast non-proton-pumping NADH dehydrogenases and with import characteristics indicating that it is an NDex. It has an apparent size of 60 kDa on SDS-PAGE, very similar to the size proposed previously for beetroot NDex(NADH) (see above). The amino acid sequence of NDB contains two motifs for nucleotide binding, presumably one for NAD(P)H and one for a flavin. In addition, there is an insert unique among the homologues and containing an EF-hand motif, suggesting Ca 2+ -dependence. Since the enzyme appears to have a charged amino acid in a position unfavorable for NADPH binding, a preliminary identification of the enzyme is NDex(NADH) (116) . However, until the enzyme has been isolated (e.g. following overexpression in Escherichia coli) and the properties examined, this protein cannot be identified with certainty. This uncertainty is reinforced by the recent finding that a Ca 2+ -dependent NDex(NADPH) in N. crassa contains an insert with an EF-hand motif (70, 71; see above).
The Activities of NDex are Regulated by Cytosolic Factors
The total concentration of NAD (0.6-0.7 mM) in the cytosol of cells of spinach and barley leaves is higher than that of NADP (0.2-0.3 mM), as determined by extraction and enzymatic determination (38, 151) . However, whereas NADP is mostly reduced, giving cytosolic NADPH concentrations of 0.15-0.2 mM, NAD is highly oxidized so that NADH is almost undetectable. By measuring metabolite levels and assuming equilibrium of reactions catalyzed by key cytosolic enzymes, the concentration of free NADH in the plant cytosol is estimated at around 1 µM, similar to that in rat liver cells (38 and references therein). Based on the kinetics of the two NDex in spinach leaf mitochondria, it was concluded that "in a leaf cell NADPH oxidation is oxidized by mitochondria at a much higher rate than NADH" (55) . However, these calculations were all based on data obtained at relatively high concentrations of free Ca 2+ so that under physiological conditions, NADPH oxidation may not be much higher than NADH oxidation.
The external oxidation of both NADH and NADPH is dependent on Ca ) for NDex(NADH) is around 0.3 µM (86) , and it may well be higher for NDex(NADPH) (88) . Taken together with the substrate concentrations available, both enzymes will therefore be inactive in an unstressed plant cell where the cytosolic concentration of free Ca 2+ is 0.1-0.2 µM (e.g. 50). However, when the plant cell is stressed, two phenomena will contribute to an activation of NDex: (a) the increase in the cytosolic concentration of free Ca 2+ to 1-2 µM (e.g. 50, 103); (b) the synthesis of polyamines (132) , which lower the K m (Ca 2+ ) at least for NDex(NADH) (156). Since a high reduction level of the ETC leads to ROS production, activation of NDex may help prevent or minimize ROS production under stress conditions by keeping the cytosolic NAD(P) pool relatively oxidized.
Complex I in Plant Mitochondria
The following specific assays on inside-out SMP with oxygen as electron acceptor can be used to demonstrate that plant mitochondria contain three different NAD(P)H dehydrogenases on the inner surface of the IMM:
Deamino-NADH oxidation with O 2 as electron acceptor is specific for complex I because only complex I can oxidize deamino-NADH. This activity is completely rotenone-sensitive.
NADH oxidation in the presence of rotenone to inhibit complex I, and EGTA to inhibit NDin(NADPH) (or DPI to inhibit both) will measure only NDin(NADH).
NADPH oxidation in the presence of Ca 2+ to activate the NDin(NADPH) and rotenone to inhibit complex I will measure only NDin(NADPH).
Note that short-chain quinones should not be used as electron acceptors in these assays as there is a risk that the specificity for NAD(P)H and their analogues changes (84) .
Under the above conditions the following activities (in nmol O 2 min −1 mg protein −1 ) can be observed in potato tuber (69) and pea leaf (1) SMP: Complex I, 400-600; NDin(NADH), 350-450; NDin(NADPH), 70 and 250, respectively.
All known mitochondria, except those of fermentative yeast, contain the protonpumping NADH dehydrogenase (EC 1.6.5.3), also known as complex I. This extremely complex enzyme contains as many as 43 different subunits with 1 FMN and 6 Fe-S centers in mammalian mitochondria. The complex has been purified in intact or partly intact form from plant mitochondria, and so far there has been no indication that it has properties substantially different from those of mammalian complex I (reviewed in 111). The reconstituted complex has been reported to be partially (112) or completely (40) rotenone sensitive. In situ, the enzyme is completely inhibited by rotenone (Ki 1 µM), as shown by the 100% rotenone inhibition of deamino-NADH oxidation (to O 2 ) by inside-out SMP from potato tubers (69, 112, 114) and pea leaves (1). Plant complex I activity is completely inhibited by DPI (1, 69), as is its mammalian counterpart, where the inhibition is probably caused by covalent modification at or near the active site for NADH (63) .
In potato tuber mitochondria, complex I has a K m (NADH) of around 3 µM, whereas its K m (NADPH) is more than two orders of magnitude higher (114) . Considering the low matrix concentration of NADP (see below), complex I is unlikely to contribute significantly to the oxidation of matrix NADPH. In contrast, complex I is probably the main NADH-oxidizing enzyme under state 3 conditions (ADP present) where the steady-state concentration of NADH is low (2, 89). Complex I may also have an important function in interconverting matrix NADH and NADPH through a transhydrogenase activity (see below).
Internal Rotenone-Insensitive NAD(P)H Dehydrogenases
NDin in Other Organisms Mammalian mitochondria do not contain any NDin, whereas fungal mitochondria contain at least one ( Figure 2 ). In S. cerevisiae, NDI is a 53-kDa flavoprotein responsible for the reoxidation of matrix NADH produced in the Krebs cycle. It does not oxidize NADPH, and it is not dependent on bivalent cations; the standard assay for this enzyme contains 1 mM EDTA (22, 66) .
When complex I-deficient Chinese hamster cells were transfected with the gene for this yeast dehydrogenase (NDI1), the ability of the cells to grow in the absence of glucose was restored. Thus the non-proton-pumping dehydrogenase has properties sufficiently similar to complex I to replace it functionally, at least under some conditions (127) .
NDin(NADH) in Plant Mitochondria
Although the presence of NDin was discovered almost 20 years ago (81) relatively little is known about its properties. It is specific for NADH, has a K m (NADH) about tenfold higher than that of complex I, is not Ca 2+ -dependent, and has a Ki(DPI) over two orders of magnitude higher than NDin(NADPH) (1, 69, 81, 114, 115) . Owing to the lack of a specific inhibitor, the activity of NDin(NADH) can be quantified only as residual NADH oxidation activity after complex I has been inhibited; access to a specific inhibitor would greatly facilitate the study of this enzyme. 7-Iodo-acridone-4-carboxylic acid is a potent inhibitor of NDI from yeast (95) , but in plant mitochondria it is not a specific inhibitor for NDin(NADH) (123) . Flavone, a specific inhibitor of NDI in yeast, inhibits all five respiratory chain NAD(P)H dehydrogenases in potato tuber mitochondria (ÅS Svensson & AG Rasmusson, personal communication).
The NDI1 homologue, NDA, identified in potato by Rasmusson et al (116) , has import characteristics indicating that it resides inside the inner membrane. The deduced amino acid sequence contains two nucleotide binding sites, presumably for NAD(P)H and a flavin, while there is no indication of a Ca 2+ -binding site. NDA may be identical to NDin(NADH), in which case we can expect to gain much more information about NDin(NADH) in the coming years.
NDin(NADH) is responsible for the reoxidation of matrix NADH under conditions where its concentration is increased, such as when electron flow through complex I is limited in state 4 (no ADP, only ATP present) (2, 81, 89, 98).
Rotenone-insensitive malate oxidation by red beetroot mitochondria increased two-to threefold during aging of tissue slices. Since the concentration of NAD + in the mitochondria was unchanged, an increased NDin(NADH) activity was probably responsible. No induction was seen when cycloheximide was present in the aging solution, indicating that NDin(NADH) is encoded by a nuclear gene (18) . This is consistent with the absence of NDA homologues in the mitochondrial genome in Arabidopsis (116, 137) .
NDin(NADPH) in Plant Mitochondria
This enzyme has a relatively high affinity for NADPH (K m 25 µM) (69, 114), it is Ca 2+ -specific (K m 3 µM) (115), and very sensitive to DPI inhibition (Ki 0.2 µM) (1). NDin(NADPH) is the main respiratory chain dehydrogenase oxidizing NADPH. It appears to contribute to the oxidation of NAD(P)-linked substrates by intact potato tuber and pea leaf mito chondria, as estimated by measuring DPI-inhibition in the presence of rotenone to inhibit complex I (1). However, there are two problems with such estimations: (a) Although the concentration of DPI in the medium (5 µM) was chosen so as to inhibit NDin(NADPH) completely (Ki 0.2 µM) without affecting NDin(NADH) (Ki 63 µM), the effective concentration of DPI in the matrix is not known. DPI is very hydrophobic and carries a delocalized positive charge, allowing the molecule to diffuse across membranes (91) . Because actively respiring mitochondria have a transmembrane potential with the inside negative, the concentration of DPI may be much higher in the matrix than in the medium and the inhibition seen may be due to partial inhibition of NDin(NADH). Such an accumulation has been observed for an acridinium derivative (59) . (b) Even if the estimates of the contribution by NDin(NADPH) to respiration are correct, it is not clear to what extent the enzyme contributes under conditions where complex I is active. NDin(NADPH) is probably competing with NADPH-dependent ROS-detoxifying enzymes for matrix NADPH (see below).
Complex I Mutants
In several studies mitochondrial deletion mutants for complex I have been investigated and a number of respiratory parameters measured in mitochondria from the mutants and wild-type plants (reviewed in 141). Mitochondria from the mitochondrial NCS2 mutant of maize oxidized malate at reduced rates, probably owing to reduced complex I activity, whereas the rates of oxidation with succinate and NADH were unchanged (64) . In a later study, western blots of wild-type and NCS2 mitochondria were probed with antibodies raised against three putative NAD(P)H dehydrogenases-the external 32-kDa enzyme from maize (51), the internal 43-kDa enzyme from red beetroot (73), and the external 58-kDa enzyme from red beetroot (60) . No change in the amount of any of these proteins could be detected (48) , but it is difficult to draw any conclusions from these results until the identification of the various NAD(P)H dehydrogenases is complete. Mitochondria from the leaves of both the mitochondrial mutants CMS I and II of tobacco have strongly reduced (and rotenone-insensitive) glycine oxidation, indicating an impaired complex I. Succinate oxidation was the same as in wild-type mitochondria, indicating that complexes II-IV were unaffected by the mutations. In both mutants external NADH oxidation was strongly increased, which was suggested to be a compensatory mechanism. At the same time there was a clear increase in the amount and capacity of the AOX (35) .
Treatment with chloramphenicol can be used to inhibit mitochondrial protein synthesis in cell cultures, tissue slices or intact tissues. A four-day treatment of tobacco cells caused a 50-70% decrease in the activity of all four respiratory complexes (154). This is not unexpected since all four complexes contain subunits encoded in the mitochondrial genome (65) , and it indicates that the turnover of the complexes is slow, with a half-life of several days. The general loss of respiratory activity makes the results difficult to interpret. However, both NDex(NADH) activity and AOX capacity appeared to be several-fold higher in mitochondria from chloramphenicol-treated wheat leaves than in mitochondria from control leaves (153) . Chloramphenicol treatment of red beetroot slices during washing gave an increased rate of rotenone-insensitive malate oxidation, indicating that NDin(NADH) [or possibly NDin(NADPH)] was induced (18) .
In conclusion, the above studies indicate that NDex(NADH), AOX, and probably NDin(NADH) increase in response to a (marked) decrease in complex I activity, whether caused by a mitochondrial mutation or by disruption of mitochondrial protein synthesis.
NAD(P)H TURNOVER IN THE PLANT MITOCHONDRIAL MATRIX

Total, Bound, and Free NAD(P)
Plant mitochondria from several species take up NAD + by a carrier mechanism dependent on the eletrochemical proton gradient. Under nonenergized conditions, such as when isolated mitochondria are stored on ice, NAD + is slowly lost from the mitochondrial matrix, presumably by a reversal of the uptake mechanism (25 and references therein). The total concentration of NAD (NAD + and NADH) in isolated plant mitochondria is 1-10 nmol mg −1 protein or 1-10 mM, assuming a matrix volume of 1 µl mg −1 protein (2, 25). The matrix NAD is only partly reduced (10-20%) in barley leaf protoplasts in vivo, as determined by rapid fractionation followed by enzymatic determination. In vitro, extraction and HPLC analysis of isolated mitochondria indicates that the reduction level of NAD can be as high as 60-70% when malate is oxidized in state 4 at pH 6.5 (2).
The NADP concentration in the matrix of plant mitochondria is much lower-0.2 to 0.7 mM-than that of NAD (2, 11, 121). In mitochondria extracted from potato slices and analyzed immediately, NADP was more reduced than NAD (11).
In contrast, NADPH formation could not be detected in vitro in potato tuber mitochondria, even under anaerobiosis where the NAD pool was completely reduced (2). More work is clearly needed in this area.
The origin of matrix NADP is not known with certainty. NADP + in the medium is reported to stimulate the oxidation of potentially NADP-linked substrates by potato tuber mitochondria, possibly owing to NADP + uptake (113) . However, the commercial NADP + used in this investigation contained small amounts of NAD, and when the experiments were repeated with NAD + -free NADP + , no stimulation could be detected (SC Agius, AG Rasmusson & IM Møller, unpublished). If NADP + uptake (12a) is not a universal phenomenon associated with plant mitochondria, then mitochondrial NADP is probably synthesized in the matrix by an NAD + kinase. An NAD + kinase has been reported to be found in the outer membrane of corn coleoptile mitochondria (23) , where it would not be able to synthesize NADP + for the matrix, but this point requires further study. However, the above measurements refer to the total extractable concentration and not to the concentration of free pyridine nucleotides, the relevant parameter when discussing enzymatic rates and equilibria. Using time-resolved fluorescence analysis, it has been estimated that virtually all of the NADH in the matrix of rat liver mitochondria is bound to proteins (148), presumably dehydrogenases. A crude calculation will illustrate how this is possible: In the matrix of pea leaf mitochondria, the glycine-oxidizing glycine decarboxylase complex (GDC) comprises 0.13 g ml −1 but has only one NADH binding site per approximately 650 kDa (96) . Based on these values, the concentration of NADH binding sites on GDC can be estimated to be approximately 0.2 mM. There are several other "housekeeping" dehydrogenases, the concentration of which is considerable. Thus, depending on the binding constants of the various enzymes, a large proportion of the NAD can be bound, and calculations of rates and equilibria based on total concentrations may be misleading.
Transhydrogenase Activities Produce NADPH in the Matrix
Mammalian mitochondria contain a transmembrane transhydrogenase (TH; EC 1.6.1.2) in the inner membrane that catalyzes the following reaction:
It is driven to the right by the proton-motive force across the inner membrane. Because the active sites are on the matrix side, this enzyme keeps matrix NADP much more reduced than matrix NAD. The enzyme is also found in many bacteria and fungi, although not in S. cerevisiae. TH activity has been suggested to have a number of functions: removal of ROS, biosynthesis, ATP synthesis, redox buffering, and fine-tuning of the Krebs cycle (42, 124) .
It has been reported that plant mitochondria contain an H + -TH similar to that in mammalian mitochondria (14) , but this has never been independently confirmed. Recently, two TH activities were identified in inside-out SMP from potato tubers and pea leaves (13). The major activity, at least when assayed with NADPH and the NAD + analogue 3-acetylpyridine adenine dinucleotide, was catalyzed by complex I, as indicated by its sensitivity to DPI and its elution as a high-molecular-mass complex from a gel-filtration column loaded with solubilized SMP. The other, DPI-insensitive activity eluted at 220 kDa and was specific for the 4B-proton on NADH (13) rather than for the 4A-proton, the latter characteristic for the mammalian H + -TH (42) . The enzyme responsible for the second TH activity could be related to the soluble TH (EC 1.6.1.1) found in certain aerobic bacteria (32) . Consistent with this possibility, there is preliminary evidence (NV Bykova, AG Rasmusson & IM Møller, unpublished results) indicating that most of the enzyme is present in the matrix fraction and that only a small amount is loosely attached to the IMM. The presence in plants of a mammalian type H + -TH, although it cannot be excluded, is not necessary to explain the activities observed in plant mitochondria.
Evidence for the participation of the TH activities in the metabolism of plant mitochondria is still only indirect. GDC is strictly NAD + -specific, yet rotenoneinsensitive glycine oxidation by pea leaf mitochondria is substantially inhibited by low concentrations of DPI, indicating that NDin(NADPH) also contributes to this oxidation. Thus, NADH produced by glycine decarboxylase may be converted by a transhydrogenase into NADPH, which is reoxidized by NDin(NADPH) (12a).
Other Matrix Enzymes Can Produce NADPH
The matrix of plant mitochondria contains a number of enzymes that can catalyze NADP + reduction, probably mainly NADP-isocitrate dehydrogenase (EC 1.1.1.42), but also malic enzyme (EC 1.1.1.39), 1 -pyrroline-5-carboxylate dehydrogenase (EC 1.5.1.12), glutamate dehydrogenase (EC 1.4.1.3), and methylenetetrahydrofolate dehydrogenase (EC 1.5.1.5) (82, 113 and references therein). The catalytic rate of mitochondrial malic enzyme with NADP+ is 20-50% of the rate of NAD+ (see 82) . Thus, substantial rates of NADPH synthesis may be sustained in the matrix of plant mitochondria under various physiological conditions. The main sinks for this NADPH may well be NDin(NADPH) and ROS metabolism (see below), although other processes such as folate turnover (90) and fatty acid biosynthesis (145) may also be important.
TURNOVER OF REACTIVE OXYGEN SPECIES IN PLANT MITOCHONDRIA
When oxygen interacts with the complex IV and AOX, two terminal oxidases in plant mitochondria, four electrons are transferred and water is the product (87, 128, 129) . However, oxygen can also interact with the reduced form of other electron transport components, e.g. flavins and ubiquinone, and the result is ROS formation. ROS can react with proteins, lipids, and DNA causing decreased enzyme activities, increased membrane permeability and mutations, respectively (36). For example, as a result of ROS production, both the amount of the lipid cardiolipin and CCO activity in isolated bovine heart SMP decreased by 40% in 60 min. CCO activity was restored with cardiolipin but not with peroxidized cardiolipin (99) . Thus, the production of ROS must be avoided or minimized and, if produced, ROS should be detoxified efficiently. Finally, any damage should be repaired (Table 1) . As we shall see, plant mitochondria have mechanisms for minimizing ROS production, such as that involving the AOX, as well as several different systems for removing ROS once formed.
Mitochondria are Major Sites of ROS Production
An estimated 1% of the total O 2 consumption of a plant tissue goes to ROS production (105) . In mammalian cells the mitochondria are a major, if not the major, source of ROS (36) . The same has been suggested for nonphotosynthesizing plant cells (104) . The relative importance of mitochondria and chloroplasts in ROS production in the light is not known.
The steady-state cellular concentrations of O 2 − and H 2 O 2 in mammalian cells are 10 −12 -10 −11 M and 10 −9 -10 −7 M, respectively (16); thus, the ROS concentration is kept very low. To my knowledge, the only estimate published for plant tissues is 5 µM H 2 O 2 in soybean embryonic axes under normal conditions, increasing to 50 µM when catalase is inhibited with aminotriazole (105) . These values are orders of magnitude higher than the estimates for mammalian cells and need to be confirmed.
Mitochondrial ROS production is usually measured in two ways: (a) O 2 − is measured by oxidation of epinephrine to form adrenochrome (16) . O 2 − has a short half-life and does not cross membranes, at least not in its charged unprotonated form. Because it can also be degraded by MnSOD in the matrix, it is difficult to detect in intact mitochondria. It is therefore usually assayed using inside-out SMP where the active sites of complexes I, II, and IV face the medium and in which MnSOD is absent. (b) H 2 O 2 is measured using a peroxidase (e.g. from horseradish) and an oxidizable substrate (e.g. scopoletin). This assay is usually performed on intact mitochondria because H 2 O 2 can easily cross the membranes and be detected in the medium. Any O 2 − formed inside the inner membrane must first be converted to H 2 O 2 either by the action of MnSOD or by spontaneous dismutation.
In mammalian mitochondria, 1-5% of the oxygen consumed in vitro goes to ROS production, depending on the species, organ, respiratory substrate, and respiratory state. ROS production is higher in state 4, where the ETC components are reduced, than in state 3 (e.g. 39). The major sites of ROS production are complex I (16, 136) and the ubisemiquinone in complex III (135) . The latter activity is completely inhibited by the complex IV inhibitor KCN, which interrupts the Q cycle and prevents the formation of ubisemiquinone (Figure 3) (135) . Addition of KCN can thus be used to distinguish between complex I and III contributions to ROS formation. Note that MnSOD is KCN-insensitive (36), so ROS production can be inhibited at complex III without affecting SOD activity (but KCN will inhibit the peroxidase used to detect H 2 O 2 !). The situation in plant mitochondria is less clear for several reasons: (a) Very few studies have been performed; (b) the reported rates of ROS synthesis vary by a factor of almost 100 (see Table 2 ); (c) most of the studies have failed to consider the possible contribution by the non-proton-pumping NAD(P)H dehydrogenases; (d ) when characterizing biochemical events on the inner surface of the IMM, insideout SMP should be used, a point that is often not considered. Inside-out SMP can be isolated by sonicating mitochondria in a high-salt medium (33, 49, 78) .
Despite these problems, the following general conclusions can be drawn from the data summarized in Table 2: Plant mitochondria produce both O 2 − and H 2 O 2 at rates equal to or greater than mammalian mitochondria both on an absolute basis and as a percentage of the rate of electron transport (typically 100-500 nmol O 2 consumed min −1 mg −1 ).
The rate of ROS production is much lower in state 3 or under uncoupled conditions, whether caused by the addition of a chemical uncoupler (10, 106, 120) or by activation of the uncoupling protein using linolenic acid (15, 54) , than in state 4. High rates of ROS production are observed when both terminal oxidases are inhibited (108, 119) . These findings are consistent with the rate of ROS production being dependent on the reduction level of the ETC.
ROS production decreases when the AOX is activated, such as by addition of pyruvate (10, 106 see also below).
Substantial rates of O 2 − formation can be detected in intact mitochondria from several species during substrate oxidation (Table 2) (106, 108) . In these experiments, the O 2 − detected during succinate and malate/pyruvate oxidation may have crossed the inner membrane, e.g. in the protonated form (HO 2 ).
In some cases, ROS production is completely inhibited by KCN, indicating that complex III may have been the only source of ROS before KCN addition (see above; 8, 105, 108) . In other cases, there is high ROS production in the presence of KCN, indicating that complex I and/or the other dehydrogenases are major sites of ROS production (108, 119).
The production of O 2
− by intact mitochondria oxidizing NADH was completely inhibited by KCN (105, 108) , indicating that NDex(NADH) did not produce ROS under these conditions. The contribution of the two NDin to ROS production has not been considered. However, it is possible that the very DPI-sensitive NDin(NADPH) is also a site of ROS production: DPI has been suggested to inhibit primarily one-electron transfer flavoproteins (94) , and this reaction mechanism would make the flavoprotein particularly prone to produce ROS since O 2 − is formed by the transfer of one electron to molecular oxygen (36) .
Note that complex I will still produce ROS in the presence of rotenone because rotenone blocks electron transfer downstream of the FMN-containing active site a Hydrogen peroxide was detected, e.g., by horseradish peroxidase-mediated oxidation of scopoletin. Superoxide was detected by the (often SOD-sensitive) oxidation of epinephrine to adrenochrome (36) . Only in some of the studies were purified mitochondria used and the sideness and quality of SMP were often not reported. b Rotenone addition to mitochondria oxidizing succinate prevents reduction of complex I by reverse electron transport so that only the complex III contribution is measured (e.g., 10). c Cyanide addition prevents ubisemiquinone formation in complex III (Figure 3) , and only ROS production by complex I [plus the rotenone-insensitive NAD(P)H dehydrogenases] is measured. d In the presence of antimycin A, both complexes I and III contribute maximally (135) in the absence of an active alternative oxidase.
Abbreviations: A/A, antimycin A; disulf., disulfiram; glu., glutamate; pyr, pyruvate; rot., rotenone.
(97). Here DPI would be a more suitable inhibitor because it inhibits at or near the flavin (63) . In summary, actively respiring plant mitochondria produce ROS at quite high rates, a more reduced ETC gives more ROS, and the main sites of production are the respiratory complexes I and III (Figure 1 ). Much more research is needed in this area.
The Alternative Oxidase Helps Minimize Mitochondrial ROS Production
Since molecular oxygen interacts with reduced electron transport components, one way to minimize ROS production is to prevent overreduction of the ETC. Avoidance can be viewed as the first line of defense against the potential detrimental effects of ROS (Table 1) . The AOX has long been thought to act as an "overflow mechanism" taking over when the cytochrome chain is saturated with electrons (57, 97) . More recently it has been shown that in the presence of pyruvate, the AOX will actually compete with an unsaturated cytochrome chain for electrons (41) . In either case, the AOX becomes engaged at a particular UQ reduction level, thus preventing further UQ reduction (41) . In this way, the reduction level of the UQ pool and therefore of the whole ETC is stabilized (75) . Likewise, AOX is induced when the activities of complexes I-IV decrease as a result of chloramphenicol treatment of cells and tissues (see above).
Purvis & Shewfelt (107) first suggested that the AOX helps minimize ROS production by the ETC. Wagner (146) reported that H 2 O 2 induces AOX synthesis in Petunia cell cultures. Recently, Maxwell et al (67) showed that cells in which the AOX had been overexpressed contained half as much ROS as control cells. In contrast, cells in which the expression of AOX had been reduced by antisensing contained five times more ROS than control cells.
Activation of the uncoupling protein, which was recently discovered to be present in plant mitochondria (56, 142) , by fatty acids decreases ROS production by plant mitochondria (Table 2) (15, 64) . This indicates that mild uncoupling may also be a mechanism for limiting ROS production (53) .
NDin(NADH) may also help minimize ROS production by acting as an overflow under conditions where complex I activity is inadequate. This would be consistent with the induction of NDin(NADH) in washed beetroot slices when complex I activity is decreased by chloramphenicol treatment (see above).
ROS Detoxification by Superoxide Dismutase and (Possibly) Catalase
Once formed, the ROS must be detoxified as efficiently as possible to minimize damage; thus, detoxification constitutes the second line of defense against the detrimental effects of ROS (Table 1, Figure 4) . O 2 − is converted into O 2 and H 2 O 2 by SOD (EC 1.15.1.1), and H 2 O 2 is broken down into O 2 and water by catalase (EC 1.11.1.6). Both plant and animal mitochondria contain MnSOD in the matrix (36, 125) . Mammalian cells overexpressing mitochondrial MnSOD show increased resistance to the O 2 − -generating reagent paraquat (149) . When plant mitochondrial MnSOD was expressed in the mitochondria of an MnSOD-deficient yeast strain, the cells regained their resistance to oxidative stress (125, 155) . Likewise, overexpression of mitochondrial Mn-SOD from Nicotiana plumbagnifolia in Nicotiana tabacum mitochondria protected the latter from oxidative damage (9).
Catalase has been reported to be present in the matrix of rat heart mitochondria (109), but whether it is present in plant mitochondria is still an open question. In maize, CAT3 coisolates with mitochondria on a sucrose gradient (126) . The N-terminal domain of the amino acid sequence deduced from the cat3 cDNA (118) shows no clear resemblance to a mitochondrial targeting sequence according to the criteria identified by von Heijne et al (144) . In fact, there may be no need for catalase in the mitochondrial matrix. First, several other matrix enzymes can remove H 2 O 2 (see below); second, H 2 O 2 is very mobile, and it may suffice that it is detoxified elsewhere in the cell, e.g. in the peroxisomes; third, H 2 O 2 may be used as an indicator of oxidative stress-a signal molecule-to activate nuclear genes involved in the stress response (101), as is likely for the AOX (146) .
In maize leaves under oxidative stress induced by photoactivation of an exogenous fungal toxin, the amounts of both SOD3, the mitochondrial form of MnSOD in maize, and CAT3 mRNA increase markedly; however, whereas the amount of CAT3 protein also increases, that of SOD3 remains constant. The latter observation may mean that the rate of SOD turnover increases under oxidative stress (152) .
The Role of Glutathione and Ascorbate in ROS Detoxification in Plant Mitochondria
The Ascorbate/Glutathione Cycle The ascorbate/glutathione cycle is the main ROS-removing system in the chloroplast (e.g. 28). It uses four enzymes, ascorbate peroxidase (EC 1.11.1.11), dehydroascorbate reductase (EC 1.8.5.1), monodehydroascorbate reductase (EC 1.6.5.4), and glutathione reductase (EC 1.6.4.2), as well as two low-molecular-mass molecules, ascorbate and glutathione, to remove H 2 O 2 . The entire ascorbate/glutathione cycle has been reported to be found in pea leaf mitochondria (45) , but this remains to be confirmed. Since glutathione reductase also acts together with glutathione peroxidase (see below), the well-established presence of glutathione reductase in the matrix of plant mitochondria (19, 26, 113) is not necessarily indicative of the function of the ascorbate/-glutathione cycle in the matrix. The main H 2 O 2 -removing enzyme in mammalian mitochondria is glutathione peroxidase (see below), and the ascorbate/glutathione cycle appears not to be present (36) .
The levels of glutathione and ascorbate are about 6 and 24 nmol (mg protein)
in pea leaf mitochondria or about 6 and 24 mM in the matrix (assuming 1 µl mg −1 protein) (45) . This is over ten times the matrix concentration of NADP and somewhat above that of NAD (see above). The plant cell can synthesize ascorbate via several routes, but the main route includes a mitochondrial enzyme in the last step (20, 150) . Here the flavoprotein L-galactono-γ -lactone dehydrogenase, an intrinsic protein in the inner membrane with the active site facing the intermembrane space, converts L-galactono-γ -lactone into ascorbate and donates electrons to the ETC between complexes III and IV (5, 93, 130) . Although the last step in ascorbate synthesis is carried out by the mitochondrion, the de novo synthesized ascorbate is not immediately available to the putative ascorbate/glutathione cycle in the mitochondrial matrix. An ascorbate transporter presumably exists to take the ascorbate across the inner membrane, but none has been identified to date. Mitochondria apparently lack the enzymes for GSH synthesis and, therefore, must import GSH from the cytosol (36, 92) . In mammalian mitochondria glutathione synthesis takes place in the cytosol, and GSH is taken up across the inner membrane via a special transporter (68). Nothing is known about the uptake characteristics of glutathione across the inner membrane of plant mitochondria.
Glutathione Peroxidases Glutathione peroxidases (EC 1.11.1.9) comprise another family of enzymes using GSH to reduce H 2 O 2 , lipid hydroperoxides, and other hydroperoxides (27, 36) . Glutathione peroxidase has been found in mammalian mitochondria, where it is the main enzyme for removing H 2 O 2 (36, 43) . Although several homologues have been identified in plants and one enzyme purified and characterized, no information is available for plant mitochondria (17, 27) . One member of the glutathione peroxidase superfamily is the phospholipidhydroperoxide glutathione peroxidase (EC 1.11.1.12), which can act directly on lipid hydroperoxide without the need for release of the hydroperoxy fatty acid. Thus, glutathione peroxidases can also contribute to repair-the third line of defense against ROS damage (Table 1) .
In the mitochondrial matrix, the regeneration of reduced glutathione from oxidized glutathione, whether produced in the ascorbate/glutathione cycle or by glutathione peroxidase, is catalyzed by the NADPH-specific glutathione reductase (19, 26, 113) . It may well be the main NADPH-consuming enzyme under metabolic conditions where ROS production and glutathione oxidation is high. In rat forebrain mitochondria the NADPH used in the regeneration of reduced glutathione comes from NADP-ICDH, malic enzyme, and transhydrogenase (143) , which may also be true of plant mitochondria (see above). GSSH is suggested to inhibit NADPH-consuming enzymes other than those involved in ROSdetoxification in order to conserve NADPH (21) . If this were true in plant mitochondria, NDin(NADPH) would be predicted to be inhibited by GSSH.
The Thioredoxin and Thioredoxin Reductase System Can Also Detoxify ROS
Thioredoxin is a small protein (12-14 kDa) with two cysteines in its active site that can form a disulfide in the oxidized form [Trx-(S-S)]. Together with the enzyme thioredoxin reductase (EC 1.6.4.5), which uses NADPH to convert Trx-(S-S) into reduced thioredoxin [Trx-(SH) 2 ], thioredoxin is involved in the regulation of enzyme activities as well as in scavenging hydroperoxides and H 2 O 2 (36, 47, 74) . Thioredoxin has long been known to regulate the activities of a number of Calvin cycle enzymes in the chloroplast stroma (12).
In plant mitochondria, two thioredoxins (52) and recently also an NADPHthioredoxin reductase (4) have been identified. Nothing is yet known about the function of this enzyme system in plant mitochondria, but by analogy with yeast (100) and mammalian (47) mitochondria, it is possibly involved in protection against oxidative stress. It may also funtion in the reductive activation of citrate synthase (134) and the AOX (139), thereby activating the first line of defense against ROS (see above) while favoring flow through the Krebs cycle and the respiratory chain over fermentative processes (134) .
PLANT MITOCHONDRIA AND OXIDATIVE STRESS: Perspectives
Mitochondria are a major site of ROS production in the plant cell, and they contain a number of enzymes designed to detoxify ROS ( Figure 4) ; however, the picture is still very fragmentary. We need to know more about ROS production and the role(s) of NDin, NDex, the AOX, and the uncoupling protein in its regulation. Although there are several potential mechanisms for ROS detoxification in plant mitochondria (Figure 4) , only MuSOD is firmly established. In several of the ROS-detoxification pathways, NADPH is involved in regenerating the lowmolecular-mass antioxidant, but very little is known about NADPH turnover in plant mitochondria.
A possible sequence of events occurring in plant mitochondria during stress has been proposed ( Figure 5) (146, 147) : A constraint on the ETC, such as that caused by loss of CCO in chilling-stressed maize mitochondria (102), leads to enhanced ROS production. H 2 O 2 released from the mitochondria signals for increasing the synthesis of enzymes that lower ROS production such as the AOX and perhaps the uncoupling protein ( Table 2 ). The AOX is induced by many stresses, including H 2 O 2 , and both enzymes are induced by cold stress (56, 140, 146) . It is therefore likely that the uncoupling protein is also part of the general response to oxidative stress and that it is induced by a variety of stresses. In fact, the reverse prediction is also possible: An ETC component induced by H 2 O 2 treatment of the cell is likely to have a role in maintaining a low ROS level either by limiting production or by helping detoxify ROS in the mitochondrion. This would be a simple method to identify more components involved in ROS turnover in plant mitochondria.
